Abstract A combined plasma photolysis (CPP) reactor that utilized the dielectric barrier discharge (DBD) plasma together with DBD-driven KrI * excimer ultraviolet emission was applied to the decomposition of H2S gas. The effects of applied voltage, input current, gas flow velocity, original concentration as well as the ratio of Kr/I2 mixture on H2S removal efficiency were investigated. Gas streams containing H2S were separately treated with single DBD and CPP reactor under the same conditions. In comparison to DBD, CPP could greatly enhance the H2S removal efficiency at the same applied voltage, inlet gas concentration and gas flow velocity. In addition, the reaction mechanism was also discussed in this paper.
Introduction
Dielectric barrier discharge (DBD) has been accepted as a reliable technique for the removal of pollutants. It has been widely used in ozone generation, ultraviolet excimer lamps, material surface treatment and pollution control [1∼6] . This technique is currently being investigated for the removal of odor pollutants [7∼14] . Meanwhile, DBD has both characteristics of glow discharge with large space discharge and corona discharge with high pressure operation, which are beneficial to its further development and extended use in odor pollution control [2, 15, 16] .
Our institute [17] has reported a DBD reactor which is made of two coaxial quartz tubes for removal of hydrogen sulfide (H 2 S) from gas streams. The demonstration project concerning treatment of industrial waste gases contained H 2 S and CS 2 was accomplished in a chemical fiber plant, the pilot test equipment has been operated stably and continuously for more than 3 years [17, 18] . However, it was found that the DBD reactor still encountered many difficulties such as higher supplied voltage and lower energy efficiency. In applied research of DBD, the removal efficiency could be heightened by using some combined DBD techniques (DBDcatalysis [19∼21] , DBD-ultraviolet (UV) [22, 23] , DBDozone [24] , DBD-adsorption [25] , DBD-biologic filtration [26] ) which are becoming the subject of increasing attention for the decomposition of odor pollutants.
DBD has also been proposed as an efficient technique for exciting inert gas/halogen gas mixture to emit excimer UV radiation [2] over large areas with wavelength from 172 nm to 351 nm [27] . Nowadays, DBD-driven excimer UV radiation has become one of the important subjects in microelectronics, medical, chemical, material modification and environmental protection [28∼31] . In this work, a DBD plasma and UV radiation from DBD-driven KrI * excimer were simultaneously produced in one DBD reactor with one high voltage power supply. We called this type of combined technique as the combined plasma photolysis (CPP).
H 2 S is a nerve poison with high toxicity and widely generated in many industrial applications. The aim of this paper is to study the removal of H 2 S by CPP reactor under different voltage, original concentration, input current, gas flow velocity and the ratio of Kr/I 2 mixture. Relevant analysis was carried out to compare the experimental results of CPP with single DBD reactor in the same operating conditions. The probable reaction mechanism was also discussed.
Experiments

Experimental setup
A laboratory-scale experimental system has been designed and constructed (Fig. 1) . The experimental system comprised a continuous-flow gas generation system, a laboratory-scale CPP reactor, and a gas detection system. The gas flowed from a compressed H 2 S (purity>99.999%) cylinder, then mixed and diluted with air, and was finally fed into the CPP reactor under a tunable air blower (CZR, China) with certain concentration and gas flow velocity. The sampling out-let was set 2.0 m away from the gas outlet. The initial H 2 S concentration was varied from 25 mg/m 3 to 180 mg/m 3 by adjusting volume flow controllers (VFC) connected with H 2 S cylinder. The gas flow velocity was fixed at 2.0∼3.5 m/s by adjusting the air blower and its concentration was detected by a multi-gas detector (PGM50-5P, RAE SYSTEMS, Britain).
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CPP reactor
The CPP reactor was shown in Fig. 2 . The voltage varied from 5 kV to 20 kV and the input current changed from 0.1 A to 5 A. The double-layer quartz tube was made of two coaxial quartz tubes (the inner quartz tube had a 26 mm outer diameter and the outer quartz tube was 31 mm in inner diameter and 35 mm in outer diameter, resulting in a narrow gap distance of 5 mm). A mixture of Kr and I 2 at a certain ratio was filled into the gap in advance. There is an outermost quartz tube of 55 mm in inner diameter outside the double-layer quartz tube, resulting in 10 mm gap distance, where gas stream flowed through. The outer electrode, made of stainless steel band with a width of 5 mm, was tightly wrapped around the outermost quartz tube with 5 mm spacing. The inner electrode was inserted into the inner quartz tube of the doublelayer quartz tube.
DBD reactor was made of double-layer quartz tube and its size was the same as the CPP reactor (the inner quartz tube had a 35 mm outer diameter and the outer quartz tube had a 55 mm inner diameter). The wall thickness and the length of all the quartz tubes were 2 mm and 500 mm, respectively.
As shown in Fig. 2 (a), the gas stream flowed through zone A from the bottom of CPP reactor. When a homemade power supply was connected to the CPP reactor, gas mixture of Kr/I 2 in zone B would be ignited and emit KrI * excimer UV radiation which acted on pollutants in zone A. Therefore, removal of pollutants in zone A was attributed to both KrI * excimer UV radiation and reactive plasmas.
In this research, two different ratioes of Kr/I 2 mixture were employed in CPP reactor: 
Analysis methods
The H 2 S removal efficiency, specific energy density (SED), absolute removal amount (ARA) and energy yield (E y ) were defined as follows:
H 2 S removal efficiency (η H2S ):
Specific Energy Density (SED):
Energy yield (E y ):
where C in and C out are the inlet and outlet concentrations of H 2 S (mg/m 3 ). Q is the gas flow (L/s); P is input power (W) which was calculated from the average input voltage and current.
3 Results and discussion 3.1 Analysis of influential factors in CPP reactor
Applied voltage
Figs. 3 and 4 show the relationship between η H2S /E y and applied voltage for three different inlet H 2 S concentration in CPP-A when the experimental condition was set at input current of 2.4 A and gas flow velocity of 2.0 m/s (gas residence time was about 0.25 s). As seen in Fig. 3 , η H2S increased with increasing applied voltage in CPP-A under different inlet H 2 S concentrations. When the inlet H 2 S concentration was set to 40.6 mg/m 3 , with the applied voltage increasing from 6.6 kV to 15.0 kV, η H2S increased quickly from 25% to 90%. This could be explained by the fact that, with the increase in applied voltage, the electric field would increase, which accelerated the electrons and multiplied their population [36] , thus resulting in a higher probability of collision between a H 2 S molecule and an electron. Meanwhile, a higher voltage could excite more KrI * excimer UV radiation, increasing the density of high energy electrons in CPP. Therefore, relatively higher applied voltage could ensure better removal efficiency of CPP-A.
With applied voltage increasing from 6.6 kV to 15.0 kV, E y first decreased to a minimum and then increased quickly. The pollutant-decomposition factors in CPP reactor consisted of gas discharge and KrI * excimer UV radiation. There may exist antagonistic effects between two mechanisms, resulting in the decrease of E y . While the applied voltage was rather low or high, one of the two mechanism would dominated, leading to a higher E y .
Input current
Fig . 5 shows the relationship between η H2S and E y with the input current in CPP-B under the experimental conditions of applied voltage of 13.2 kV, inlet H 2 S concentration of 100.7 mg/m 3 and gas flow velocity of 3.5 m/s (gas residence time was about 0.14 s).
As showed in Fig. 5 , both η H2S and E y increase quickly with increasing input current. When input current is changed from 1.6 A to 2.8 A, η H2S increases quickly from 4% to 37% and E y increases monotonically from 580 mg/kWh to 2850 mg/kWh. With a higher input current, the electric fields would increase, which accelerate the electrons and multiply their population, thus resulting in higher removal efficiency. At the same time, the strength of KrI * excimer UV radiation increases with increasing input current, which also leads to higher removal efficiency. 
Inlet H 2 S concentration
The operation conditions of applied voltage, input current and gas flow velocity were set to 15.0 kV, 2.8 A, and 3.5 m/s (gas residence time was about 0.14 s), respectively. Fig. 6 shows the relationship of η H2S and E y with the inlet H 2 S concentration in CPP-B.
As seen in Fig. 6 , with increasing inlet H 2 S concentration, η H2S decreases but E y increases unstably. E y can reach about 1500 mg/kWh when inlet H 2 S concentration is 100 mg/m 3 . In conclusion, a proper higher inlet concentration of H 2 S can be suggested to reduce the energy consumption. 
Gas flow velocity
Gas flow velocity had a significant impact on pollutant removal via changing the gas residence time. Fig. 7 shows the relationship of η H2S with the gas flow velocity under different inlet H 2 S concentrations in CPP-B. The experimental conditions were set at applied voltage of 15.0 kV and input current of 2.8 A.
As shown in Fig. 7 , with gas flow velocity increasing from 2.0 m/s to 3.5 m/s, η H2S drops quickly. When the inlet H 2 S concentration is 40.6 mg/m 3 , η H2S decreases from 90% at 2.0 m/s to 36% at 3.5 m/s. The gas residence time increases with decreasing gas flow velocity, leading to more plasma reactions of H 2 S molecules with electrons and UV photos, and thus resulting in higher H 2 S removal efficiency. As seen in Fig. 8 , with increasing applied voltage, η H2S increases in both CPP-A and CPP-B. Meanwhile, the H 2 S removal efficiency in CPP-B is higher than that in CPP-A, which means that higher Kr pressure is beneficial to the decomposition of H 2 S. This can be explained by the fact that, with the increase in filled Kr pressure, the population of Kr + will increase, forming more KrI * excimer [32] and I * , thus resulting in higher H 2 S removal efficiency. 
Comparison of η H 2 S between CPP and DBD
Inlet H 2 S concentration was set to 94.8 mg/m 3 and applied voltage was controlled at 13.2 kV. Fig. 9 shows the relationship between η H2S and E y and gas flow velocity in CPP-B/DBD. As showed in Fig. 9 , η H2S of both DBD and CPP-B decreases quickly with increasing gas flow rare. Meanwhile, CPP-B had higher removal efficiency than DBD. On the other hand, E y first decreased then increased in DBD as gas flow velocity increased from 2.0 m/s to 3.5 m/s, which was opposite to the situation observed in CPP-B. When gas flow velocity was set to 2.5 m/s, η H2S was 16% in DBD while 30% in CPP-B, which means an increase by 14%. Moreover, E y was 1390 mg/kWh in CPP-B while 1230 mg/kWh, representing an increase by 160 mg/kWh.
Maybe we could explain this phenomenon by the effect of gas residence time. The gas residence time decreases with increasing gas flow velocity, leading to less plasma reactions of H 2 S molecules with electrons and UV photos, which results in lower H 2 S removal efficiency.
The emissions of CPP were at 183 nm, 191 nm and 206 nm with the corresponding photon energy of 6.78 eV, 6.50 eV and 6.03 eV, respectively. H 2 S gas molecules has strong absorption in the range of 180∼230 nm, and its absorption cross-section at 183 nm can reach 5×10 −18 cm 2 /molec [37] . The bond energy of H-HS in H 2 S molecules is 3.91± 0.2 eV which corresponds to the UV radiation of 317 nm. It means that H 2 S can be removed by absorbing UV photons of energy more than 3.91 eV. In conclusion, since CPP reactor had higher removal efficiency than DBD, CPP could possibly be a promising technology for H 2 S removal.
Reaction mechanism analysis
In CPP reactor, the decomposition of H 2 S could be divided into primary and secondary reactions. The primary reactions included the processes of direct attack of energy electrons on H 2 S and UV photolysis of H 2 S. The band of HS-H (bond energy was 3.91 eV) would be broken by electrons or photons of energy higher than 3.91 eV. 
The oxidative radicals could also be generated by UV radiation:
Therefore, reactions of H 2 S molecules with oxidative radicals might be described as follows:
The fact that CPP contributed to the decomposition of H 2 S better than single DBD could be explained as follows: gas molecules under the UV radiation would help to generate energy electrons and multiplied population of micro-discharge, thus resulting in lower break down voltage and higher energy efficiency. ZHANG et al. [38] has conducted investigation which indicates that the ultraviolet pre-ionization can greatly improve the uniformity of the dielectric barrier discharge, which means that CPP has better synergistic reaction effects.
Conclusions
a. Higher applied voltage led to higher η H2S . With the applied voltage increasing from 6.6 kV to 15.0 kV, η H2S increased quickly from 25% to 90% in CPP-A under the experimental conditions of input current of 2.4 A, gas flow velocity of 2.0 m/s and inlet H 2 S concentration of 40.6 mg/m 3 , respectively. b. Higher input current could lead to an increase of η H2S . With input current changing from 1.6 A to 2.8 A, η H2S increased quickly from 4% to 37% in CPP-B under the experiment conditions of applied voltage of 13.2 kV, gas flow velocity of 3.5 m/s and gas inlet concentration of 100.7 mg/m 3 , which led to an increase by 33%.
c. Lower initial concentration led to higher η H2S . But, a properly higher inlet concentration of H 2 S favored better use of the energy and higher H 2 S removal efficiency.
d. The gas residence time decreased with increasing gas flow velocity and resulted in lower H 2 S removal efficiency. Under the conditions of applied voltage of 15 kV, input current of 2.8 A and inlet H 2 S concentration of 40.6 mg/m 3 , η H2S decreased from 90% at 2.0 m/s to 36% at 3.5 m/s.
e. Higher Kr pressure was beneficial to the decomposition of H 2 S.
f. Under the same experimental conditions, CPP reactor would lead to an increase of 14% in η H2S and an increase of 160 mg/kWh in E y compared with single DBD. 138
